The papilla of the mammalian kidney must tolerate greatly varying degrees of hyperosmotic stress during urine concentration and depending on whole organism hydration state. To identify proteome adaptations supporting cell function and survival in such a harsh environment we compared the proteome of a) the hyperosmotic renal papilla with that of adjacent iso-osmotic cortex tissue and b) the renal papilla of diuretic versus that of anti-diuretic mice. Though functionally distinct the papilla is in close physical proximity to the renal cortex, an iso-osmotic region. Proteomic differences between the papilla and cortex of C57BL6 mice were identified using two-dimensional gel electrophoresis and MALDI-TOF/TOF mass spectrometry. We found 37 different proteins characteristic of the cortex and 16 proteins over-represented in the papilla. Regional specificity was confirmed by Western blot and further substantiated by immunohistochemistry for selected proteins. Proteins that are characteristic of the renal papilla include αB crystallin, Hsp beta-1, Hsp90, 14-3-3 protein, glutathione S-transferase, aldose reductase, actin and tropomyosin. Gene ontology analysis confirmed a significant increase in molecular functions associated with protein chaperoning and cell stabilization. Proteins over-represented in the cortex were largely related to routine metabolism. During antidiuresis 15 different proteins changed significantly while 18 different proteins changed significantly during diuresis relative to normally hydrated controls. Changes were confirmed by Western blot for selected proteins. Proteins that are significantly altered by diuretic state are associated with cell structure (actin, tubulin), signaling (Rho GDP dissociation inhibitor, abhydrolase domain-containing protein 14B), chaperone functioning (Hsp beta-1, αB crystallin, T complex protein-1) and anti-oxidant functions (α-enolase, GAPDH and LDH). Taken together our study reveals that specific proteins involved in protein folding, cytoskeletal stabilization, antioxidant responses, and stress signaling contribute greatly to the unique hyperosmotic stress resistant phenotype of the kidney papilla.
Introduction
The kidneys are paired organs that play a vital role in the mammalian urinary system filtering blood and ultimately producing urine. As ultrafiltrate progresses through the ascending limb it is diluted due to solute re-absorption in this water impermeable segment resulting in hypo-osmotic ultrafiltrate leaving the thick ascending limb (TAL). This allows for the generation of dilute urine since, under water loaded conditions, the collecting duct need not alter the composition significantly and the urine produced will be voluminous [1] .
The nephrons are organized within the gross anatomy such that the glomeruli, the proximal and distal tubules, as well as the initial portion of the collecting duct, are contained within the outer portion of the kidney known as the cortex. This region is iso-osmotic to blood. The inner portion of the kidney, the medulla, houses the Loop of Henle and the collecting duct as well as the vasa recta [1] . This organization has functional importance. The high interstitial osmolality of the medulla is utilized by the collecting duct to generate a driving force for water reabsorption. The papilla is the innermost part of the medulla where urine is transported to the renal pelvis before leaving the kidney via the ureter. It is composed mainly of collecting ducts and is exposed to the highest osmolality within the kidney [2] .
Processes of the nephron are dynamic and regulated by many hormones and local factors [1] . The proximal tubule, TAL and collecting duct are under hormonal control. Decreased effective circulating volume (ECV) or increased plasma osmolality stimulate vasopressin which causes increased water reabsorption in the distal tubule and collecting duct via insertion of water channels in the distal tubule and collecting duct. Hormone levels vary to maintain homeostasis leading to production of urine with varying osmolality from b100 mOsm up to several-fold (N3000 mOsm in rodents) the concentration of blood (290 mOsm) [3] .
High and variable interstitial osmolality underlie the ability to regulate water and solute balance at the cost of generating an inhospitable environment for cell functioning. Interstitial osmolality is increased by high levels of sodium chloride and urea [2] . Urea can cross the cell membrane relatively easily and inside the cell has a denaturing effect on proteins leading to perturbed function. The high interstitial sodium chloride produces an extracellular environment hypertonic to the cell leading to transient water efflux and cell shrinkage that is counteracted by active inorganic ion uptake. Increased inorganic ions counteract the osmotic imbalance and restore cell volume by causing water to follow passively (osmosis) but cannot serve as a long-term solution due to severe perturbations of protein structure and function [4] . Over time organic osmolytes are accumulated to replace the inorganic ions as they are compatible with proper protein function [5] . Organic osmolytes are molecules normally present as metabolic intermediates. Hyperosmotic stress leads to an increase in organic osmolytes in the form of triethylamines, polyols (e.g. sorbitol) and the amino acid taurine through uptake, production and reduced degradation [6] .
A long-standing goal of renal cell physiology is to investigate the mechanisms underlying the high tolerance of renal papillary cells to extreme hyperosmotic stress. Salt and urea levels in the papillary interstitium are highly variable; therefore protective mechanisms must constantly adapt to the severity of the stressor. Much remains unknown concerning how cells perceive changes in their osmotic environment and how renal cells adapt to such changes.
A proteomic approach was chosen to gain insight into adaptive responses of renal papillary cells to hyperosmolality. Proteins are the agents of cellular structure and function and changes observed at the protein level have greater physiological relevance than mRNA abundance changes [7] . Therefore, compared to transcriptomic approaches, proteomics reveals a more direct avenue towards gaining knowledge of what processes renal papillary cells utilize during hyperosmotic stress.
Thus, in the current study we used proteomics to first compare the hyperosmotic renal papilla to an immediately adjacent iso-osmotic region of the kidney, the cortex. Secondly, antidiuresis and diuresis were induced to alter the osmotic environment of the papilla in order to identify osmotically regulated proteins in this region.
Materials and methods

Mouse treatment and sample collection
Untreated wild-type C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) (age 6 weeks-8 months, n = 24) were reared under standard laboratory conditions for comparison of cortex and papilla. Antidiuresis was induced in male and female C57 mice (age 1-16 months) via intraperitoneal injection of [deamino-Cys1, D-Arg8] vasopressin (1 μg/μl ddAVP in PBS; 1 μg ddAVP/g body weight, Sigma V1005) once every 8 hrs for 24 hrs combined with water deprivation for the same period; a sham group received an injection of PBS alone. Diuresis was induced with addition of sucrose (3%) to drinking water combined with food deprivation. Control mice for this treatment received normal drinking water and food ad libitum. Following treatment mice were euthanized via CO 2 administration. One kidney was dissected to obtain a sample of papilla which was immediately snap-frozen with liquid nitrogen then transferred to − 80°C for storage until further processing. A cross-section (2 mm wide) of the other kidney was immersed in 4% paraformaldehyde in PBS and stored at 4°C for up to a week before vacuum infiltration processing and paraffin embedding.
Tissue processing
Following dissection all tissue samples were manually homogenized on ice using a Dounce homogenizer in RIPA buffer (50 mM Tris −HCl, 140 mM sodium chloride, 1 mM EDTA, 1 mM sodium fluoride, 1 mM sodium (meta)vanadate, 2% CHAPS, 1% NP-40, 1% Triton X-100, 1 tablet mini-tablet complete protease inhibitor cocktail (Roche, Indianapolis, IN); approximately 5:1 ratio of buffer to sample). Cellular debris was pelleted by centrifugation (19,000g, 4°C, 5 min) and supernatant was stored at − 80°C. Protein concentration of each extract was measured using BCA™ Protein Assay Kit (Pierce, Rockford, IL). Absorbances for protein concentration measurements were read using the Spectra FluorPlus plate reader (Tecan, Research Triangle Park, NC) at 560 nm. A portion of the extracted protein was precipitated in acetone (3:1 ratio acetone to sample) overnight at -20°C. Following centrifugation the protein pellet was resuspended in isoelectric focusing (IEF) buffer (7 M urea, 2 M thiourea, 2% CHAPS, 2% NP-40, 15 mM DTE, 0.5% ampholytes pH 3-10NL (Amersham Biosciences, Uppsala, Sweden) 0.002% bromophenol blue).
Once fixed by paraformaldehyde the kidney cross-sections were transferred to vented plastic holding cassettes and immersed in 70% ethanol for 24 hrs then loaded into the Tissue-Tek®VIP® 5 (vacuum infiltration processor; Sakura, Torrance, CA) for processing. Through a graded series of alcohol solutions and organic solvents the samples were ultimately infiltrated by paraffin. The cross-sections were then embedded in paraffin (Tissue-Tek®TEC™ 5; Sakura, Torrance, CA) and cut with a Historange microtome (LKB Bromma #2218-050) at a thickness of 5 μm and mounted on slides with the aid of a heated water bath, after drying at 60°C overnight the slides were stored at room temperature.
Two-dimensional gel electrophoresis
Equal amounts of protein (300 μg) from each replicate in IEF buffer were loaded onto each 11 cm, pH 3-10NL IPG (immobilized pH gradient) strip (Bio-Rad, Hercules, CA) by passive rehydration overnight at room temperature. The sample saturated strips were focused using the IsoelectrIQ (Proteome Systems, Woburn, MA) for at least 60,000 Vhr through a series of voltage increases that reached a maximum of 10,000 V. After completing separation in the first dimension they were stored at −80°C. Proteins were reduced for 5 min and then alkylated for 5 min in equilibration buffer (375 mM Tris-HCl, 6 M Urea, 30% glycerol, 2% SDS) containing 65 mM DTT (dithiothreitol, reduction step) followed by 135 mM iodoacetamide (IAA, alkylation step). Strips were then loaded onto 11% acrylamide/ bis slab gels (11.5 cm × 7 cm × 1 mm) and 220 V were applied in an upright SDS-PAGE (Bio-Rad Criterion Dodeca Cell, Hercules, CA) to separate the proteins based on molecular weight, completing the second dimension. The gels were stained with colloidal Coomassie blue (CCB) and densitometry was performed using an Epson 1680 scanner. For the comparison of cortex and papilla each gel was generated from a single animal. Due to the small size of the renal papilla of a mouse samples were pooled with each replicate consisting of tissue from three animals, therefore the four 2D gels prepared for each group represent 12 different animals.
Gel image analysis
Scanned images of the gels were analyzed using Delta2D software (Decodon GmbH, Greifswald, Germany) to allow for alignment of the gel images, detection of spots, and quantification of spot volume (see [8] ). For the comparison of cortex and papilla the gels were grouped by region with six replicates per group. Alignment of similar spot patterns between gels was accomplished by examining gels as pairs and warping one gel image onto another. The first pair consisted of the first replicate from the cortex group serving as the master gel, whose spot positions do not change, and the second replicate, which was warped to the first. Spot pattern similarity between a gel pair was recognized by the software and automatic match vectors were added to align appropriate regions. All automatic match vectors were manually confirmed and additional match vectors were manually added based on visually determined pattern similarity to refine gel warpings. Next, the third replicate was warped to the second, then the fourth to the third and so on. The first replicate from the papilla group was warped to the first replicate of the control group, then the second to the first and so forth as described above, known as the "group warping strategy." This gel warping strategy was also applied in the hydration state comparison.
Within an experiment all gels were related to all others through the warping strategy; therefore, regions could be appropriately aligned between all gels. A fusion of all the gels within an experiment produced a cumulative proteome map of all proteins present. The comprehensive maps were used for spot detection. Background and intensity thresholds were altered on display without affecting the intensity data to optimize the spot outlines generated by the software, followed by manual refinement of spot outlines to maximize accuracy of subsequent quantitation. Spot outlines were then exported to all gel images and normalization proteins were selected based on high expression (top 20%) without significant variation between groups. All spots were assigned a numerical value based on the stain intensity within the spot boundary as a function of the sum of the stain intensities of the normalization proteins providing an internal control that is consistent between groups. The ratios between spot volumes on regional and hydrations state gels and their appropriate controls along with t-test values for the significance of the difference were generated using the Delta 2D software; these data were used to identify protein spots of interest.
Spot processing
The following procedures were conducted, when possible, in a flow hood equipped with a hepafilter to minimize particulate contamination (Hazard Technology, Millersville, MD) using MilliQ water (Millipore, Billerica, MA). Spots of interest were excised from gels using a tissue array punch (1.5 mm diameter) and stored at −80°C until further processing. For the comparison of papilla and cortex peptide extraction was performed using the Montage In-Gel Digest ZP Kit (Millipore, Billerica, MA) which contains a 96-well plate C18 resin to bind peptides fixed within the base of the well. Each gel spot was placed into a separate well and destained once (100 μl/well, 30 min) with 25 mM ammonium bicarbonate/5% acetonitrile and twice (100 μl/well, 30 min each) with 25 mM ammonium bicarbonate/50% acetonitrile. Acetonitrile was added to dehydrate the spots. It was then removed and the spot was rehydrated with stabilized trypsin (Promega, Madison, WI Cat. No. V5280 (166 ng/well) in 25 mM ammonium bicarbonate (10 μl/well). The plate was incubated overnight at 37°C in a sealed bag to prevent evaporation. The resin was wet with a small amount of acetonitrile to allow peptides to bind and peptides were extracted from the spots twice with 0.2% trifluoroacetic acid (TFA) (first with 130 μl/well, second with 100 μl/ well, 30 min each). Peptides bound to the resin were then eluted with 2.5 μl 0.1%TFA/50% acetonitrile. Eluent was spotted onto a solid MALDI target (Applied Biosystems, Foster City, CA) and overlaid with 0.5 μl matrix (α-cyano-4-hydroxycinnamic acid) (10 mg/ml in 60% acetonitrile/0.1% TFA/10 mM ammonium phosphate).
For the hydration state comparison spots stain was removed with multiple washes of 100 mM ammonium bicarbonate/50% acetonitrile for 2-3 hrs. The spot was then dehydrated with acetonitrile and rehydrated with a 50 mM ammonium bicarbonate solution containing trypsin (5 μg/μl, 5 μl per spot) for 30 min at 4°C, then transferred to 37°C and incubation overnight. Peptides were then extracted twice with 10 μl 60% acetonitrile/1% trifluoroacetic acid (TFA) 2-3 hrs. Pooled extracts were dried to b1 μl (ISS 110 SpeedVac, Waltham, MA) and resuspended in 9 μl 0.5 % TFA. ZipTips® (Millipore) were then used to clean and concentrate the peptide extracts. ZipTips® contain a resin that binds the peptides allowing them to be separated from salts and other contaminants that remain in solution. The resin is wet with acetonitrile to allow the peptides to bind then equilibrated with a 0.1% TFA solution. The sample was loaded onto the resin within the ZipTip® by repeated pipetting followed by a wash with 0.1% TFA.
Peptides were then eluted into 1.5 μl of 60% acetonitrile/0.1% TFA. Eluent was spotted onto a solid MALDI target and overlaid with 0.5 μl matrix (α-cyano-4-hydroxycinnamic acid) (10 mg/ml in 60% acetonitrile/0.1% TFA/10 mM ammonium phosphate).
Mass spectrometry
Matrix assisted laser desorption ionization (MALDI) was the chosen technique for this analysis. The mass spectrometer, a 4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA), was used to make time-of-flight (TOF) measurements of peptides ionized by a laser and the intensity of each peptide peak was also recorded creating a mass spectrum.
This analysis used two methods to achieve peptide fragmentation. First, post-source decay (PSD) utilized the spontaneous fragmentation that occurs following laser ionization of peptides. Second, following ionization by the laser, the accelerated peptides are introduced into a collision cell where they collide with gas molecules causing fragmentation in a process called collision induced dissociation (CID) [9] .
Each set of spectra was searched against the SwissProt database using Mascot (Matrix Science) -interfaced with GPS Explorer (Applied Biosystems, Foster City, CA) software. The resulting identifications were assigned scores based on the probability that the match was non-random with high scores indicating a higher probability that the identification is not due to chance. Scores above 67 are significant at the level of p b 0.05. For the purposes of these analysis identifications with scores ≥ 90 and molecular weight and isoelectric point values that agreed with the position on the gel were considered valid.
Western blot
Tissue extract in RIPA buffer was reserved from all dissected samples to conduct a western blot. Equal volumes of sample and 2× Laemmli buffer (125 mM Tris-HCl, 4% SDS, 20% glycerol, 0.004% bromophenol blue and 10% β-mercaptoethanol added fresh) were combined and boiled for 5 min in sealed tubes. They were then loaded onto a SDS-PAGE (Mini-Protean II Bio-Rad, Hercules, CA) gel and 120 V were applied for approximately 75 min to allow proteins to migrate in the gel. Equal amounts of protein were loaded onto each lane as determined by the BCA™ Protein Assay Kit (Pierce, Rockford, IL). The gel was then sandwiched against a piece of PVDF membrane, between soaked blotting papers in transfer buffer (48 mM Tris, 39 mM glycine, 0.04% SDS, 20% methanol), and transferred for 90 min (Trans-Blot SD Semi-Dry Transfer Cell Bio-Rad, Hercules, CA). The membrane was then blocked with 3% non-fat milk in tris-buffered saline (TBS) and incubated with either anti-α B-crystallin (rabbit polyclonal SPA-223, Stressgen, Ann Arbor, MI; 1:5,000) or anti-lactate dehydrogenase (rabbit polyclonal ab53010, Abcam, Cambridge, MA; 1:1,000) primary antibody in TBS with 2% non-fat milk overnight at 4°C or 2 hrs at room temperature. For the hydration state comparison two primary antibodies were used: anti-Hsp25 (rabbit polyclonal SPA-801, Stressgen, Ann Arbor, MI; 1:1000), and anti-Hsp70 (rabbit polyclonal SPS-812 C, Stressgen, Ann Arbor, MI; 1:1000). After several washes with 0.05% Tween-20 in TBS the membrane was incubated with horseradish peroxidase conjugated secondary antibody (donkey anti-rabbit Fab 2 fragment 711-036-152, Jackson Immunoresearch West Grove, PA; 1:50,000) in TBS with 2% non-fat milk for 1 hr at room temp. The membrane was washed with 0.05% Tween-20 in TBS several times and rinsed with MilliQ then covered with chemiluminescent detection solution that reacts with HRP (Supersignal West Femto Maximum Sensitivity Substrate Kit, Pierce, Rockford, IL). Images of the western blot were collected and imported into ImageQuant software for densitometry analysis. Following the transfer the acrylamide gel was stained with CCB to confirm equal protein loading.
Immunohistochemistry
Slides prepared from paraffin embedded kidney cross-sections were deparaffinized with xylenol followed by washes in a graded series of decreasing ethanol solutions and finally TBS. Antigen retrieval was performed by immersion in boiling citrate buffer (10 mM sodium citrate, pH 6.0) for 15 min. Slides were then blocked with 2% bovine serum albumin (BSA) in PBS for 1 hr at room temperature. The slides were incubated in either anti-α B-crystallin (rabbit polyclonal SPA-223, Stressgen, Ann Arbor, MI; 1:500) or anti-lactate dehydrogenase (rabbit polyclonal ab53010, Abcam, Cambridge, MA; 1:50) primary antibody in PBS with 2% BSA for 2 hrs at room temperature. After three washes with PBS the slides were incubated with horseradish peroxidase conjugated secondary antibody (donkey anti-rabbit Fab 2 fragment 711-036-152, Jackson Immunoresearch, West Grove, PA; 1:10,000). Detection of the HRP conjugated to the secondary antibody was performed using diaminobenzibine (DAB) (ImmPACT DAB, Vector Laboratories, Burlingame, CA) which is converted to a brown product in the presence of HRP. Detection was also performed on slides incubated with each antibody alone to control for endogenous HRP activity. Images were collected using a Wild Heerbrugg type 181300 (Switzerland) dissecting microscope.
Pathway analysis
The PANTHER website (Protein Analysis Through Evolutionary Relationships pantherdb.org) assisted in the classification of proteins according to molecular function(s) and biological process(es) with which they are involved or related. The lists of identifications from cortex and papilla were separately compared to the total list of mouse genes (NCBI: Mus musculus) for significant over-or under-representation of molecular functions or biological processes. For the comparison of hydration states lists of identified proteins related to each condition were created and individually compared to the total list of mouse genes (NCBI: Mus musculus) for significant over-or under-representation of molecular functions or biological processes (i.e., up-regulated during antidiuresis, down-regulated during antidiuresis, up-or down-regulated during antidiuresis, up-regulated during antidiuresis or down-regulated during diuresis, etc.). Statistical analysis for the significance of the results were determined by comparing the fraction of genes involved with a particular function or process from a regional or hydration state list with the fraction of genes involved with that function or process in the total mouse genome. Additionally, because the number of functions and processes tested is so large a Bonferroni correction is made to be conservative since repeated testing increases the chances of false positives.
Results
Identification of proteins characteristic of renal papilla and cortex in untreated mice
The proteome map prepared from the outermost part of the mouse kidney, the cortex, was compared to that of the innermost region, the renal papilla using Delta 2D software (Fig. 1) . Fusion of the two maps led to a total of 1877 proteins present in either region. The overlay image (Fig. 1C) provides a visual representation of the expression comparison made between identical gel regions. Spot outlines provide boundaries for the expression quantification of an individual spot. Spot intensities were compared (t-test, p b 0.05) to determine which proteins were regulated, defined here as greater than 2-fold expression difference within a region relative to the other. The cortex contained 212 proteins, labeled C01-C212, significantly over-expressed relative to papilla while the papilla had 80 proteins, P01-P80, with significantly increased expression relative to the cortex. Analysis of the proteins over-expressed in the papilla led to the identification of 22 proteins which contained 16 different proteins ( Table 1) . Analysis of the proteins over-expressed in cortex led to the identification of 51 different proteins (Table 2) . Fig. S1 provides a representation of how each spot was analyzed using mass spectrometry. An MS spectrum and several MS/MS spectra were collected for each spot and used in a MASCOT search using the SwissProt database for identifications.
Identification of proteins altered during diuresis and antidiuresis in mouse renal papilla
Efficacy of the treatment performed to alter the osmolality within the kidney was confirmed via urine osmolality measurement. At the start of treatment the average urine concentration of all groups combined was 1978 mOsm (±166). After 24 hrs mice that were deprived of water and administered vasopressin produced urine with increased osmolality of 3000 mOsm (± 325) In contrast, mice deprived of food but given sucrose (3%) water produced a very dilute urine of 243 mOsm (±152).
Proteome maps prepared from the papillae of antidiuretic and diuretic mice were compared to maps from sham injected and control mice, respectively. A total of 519 spot outlines on a fusion map of all conditions were used for quantification to determine spot differences due to osmolality treatment. Average spot volume intensities (n = 4) were compared between each treatment group and its control group to generate a ratio equal to the fold change and a p-value of a t-test for significant difference between the groups. Proteins with greater than 1.25-fold change in expression and t-test p-values below 0.1 were selected for further examination (Fig. 2) . The initial selection of these proteins was made based on the statistical tool provided by the Delta2D software termed "Pavlividis Template Matching," which allows the selection of an expression profile and matches proteins accordingly at a p-value threshold. A total of 110 proteins satisfied this condition: 40 proteins were up-regulated during antidiuresis, 20 proteins were down-regulated during antidiuresis; 30 proteins were up-regulated during diuresis, 20 proteins were down-regulated during diuresis. There are 13 incidents of redundancy such that 110 labels for proteins changing under either antidiuresis or diureisis conditions correspond to 97 different outlines. Fig. 3 provides a representation of the quantification performed to determine up-and down-regulation during antidiuresis or diuresis. Spot expression data are also displayed using a heat map to color-code expression of a spot and provide a side-by-side comparison of replicates between treatment and control groups (Fig. 4) .
The identified proteins for proteins differentially expressed in the renal papilla following treatment to alter osmolality are listed in Tables 3 and 4 . In addition to the MASCOT score the number of peptides from the MS spectrum that were used for identification is listed with the percentage of sequence coverage. The theoretical isoelectric point and molecular weights are provided as well as the fold change determined by Delta 2D analysis of the proteome maps. Overall, 18 different proteins were identified representing 15 different proteins that change during antidiuresis (Table 3) . Eleven of the spots (and proteins) were up-regulated while 7 spots, representing 5 proteins, were down-regulated. A single identification was found to reoccur in both up-and a down-regulated proteins (spots P36, P49, P53) suggesting posttranslational modification.
Analysis of the proteins differentially expressed during diuresis produced 18 different protein identifications in 21 spots due to three proteins producing the same identification (proteins P107, P108, P109) (Table 4) . Twelve proteins (in 13 proteins) were up-regulated while 6 proteins (in 8 spots) were down-regulated.
Confirmation of protein expression differences using Western blots and immunohistochemistry
Three proteins (P10, P12, and P13) over-represented in the renal papilla were identified as αB crystallin; these proteins were highly over-represented with P13 expression N17-fold relative to cortex. To substantiate the findings made during the proteomic analysis a subsequent western blot was performed using an antibody against αB crystallin. Tissue homogenate from papilla produced a distinct band while no band is seen for cortex (Fig. 5A) . Likewise, when an antibody against lactate dehydrogenase (P70, P75, and P84) was used a band was produced in cortex but not in papilla (Fig. 5A) . Quantification of band volume was performed for six replicates of each tissue type and antibody (Fig. 5B, C ) and significant p-values are reported (Fig. 5D) . Fig. 6 displays the regional over-representation of αB crystallin in the papilla (Fig. 6A ) and lactate dehydrogenase in the cortex (Fig. 6B ) observed in a mouse kidney cross-section via immunohistochemistry. Brown stain concentrated within the tip of the renal papilla (Fig. 6A) indicates the presence of αB crystallin protein. The papilla is unstained in Fig. 6B while the cortex and outer medulla are stained with brown reaction product indicating the presence of lactate dehydrogenase protein.
Hsp70 (spot 4) was identified as being up-regulated during antidiuresis while expression of Hsp beta-1 (spots P41 and P43) was down-regulated under this condition according to spot intensities measured from the 2D gels. A western blot performed on tissue homogenates (n=6) from antidiuretic and sham injected mice using antibodies against Hsp70 and Hsp25 (also known as Hsp beta-1) provided significant support for up-regulation of Hsp70 with antidiuresis (Fig. 7) . While the trend of decreased expression of Hsp25 during antidiuresis is supported by the western blot the variability between replicates prevents the difference from being statistically significant (Fig. 7B, C and D) . This result was unexpected and may be due to different isoforms or variants of small heat shock protein HSP25/HSP beta-1 being recognized by the antibody relative to the spots detected on 2D gels.
Functional significance of proteins characteristic of renal papilla versus cortex
Identifications from each kidney region were grouped according to the biological processes and molecular functions with which they are involved using the PANTHER software. Chaperone functioning, particularly the Hsp90 family, is significantly over-represented in the papilla (Table 5) ; associated with this the processes of protein folding and the stress response are significantly over-represented. This is due to the identification of Hsp beta-1 (P18), Hsp90 (P60), 14-3-3 (P24) and endoplasmin (P70) in this region. Other processes that are abundantly represented but not significantly over-represented in the renal papilla are transport (serotransferrin (P57), albumin (P51), actin (P45) and transitional ER ATPase (P67)), intracellular protein trafficking (actin (P45), transitional ER ATPase (P67), ADP-ribosylation factor (P03) and calmodulin (P07)), signal transduction ( Rho GDP-dissociation inhibitor (P16), calmodulin, and 14-3-3 (P24)) and muscle contraction (tropomyosin 3 (P25) and αB crystallin (P10, P12, P13). Additionally, αB crystallin has structural functions and is involved in visual perception, glutathione S-transferase (P17, P22, P23) is associated with detoxification, and aldose reductase (P26, P28, P29, P32) is a metabolic enzyme with oxidoreductase activity and involved in osmolyte synthesis.
The general theme of the cortex is an increase in expression of proteins associated with metabolism when compared to the papilla. Specifically, carbohydrate metabolism was the dominant process over-represented with 16 protein identifications involved ( Table 5) . The most common function of these proteins was oxidoreductase / dehydrogenase activity represented by malate dehydrogenase (C62), isocitrate dehydrogenase (C126), 2-oxoglutarate dehydrogenase (C135), L-lactate dehydrogenase (C70, C75, C84), hydroxyacid oxidase 3 (C79), alcohol dehydrogenase (C77), quinone oxidoreductase (C80), sorbitol dehydrogenase (C91, 95), and enoyl-CoA hydratase (C25, C26, C55), which is also a lyase. Lyase activity is represented by aconitate hydratase (C190, C191, C192), carbonic anhydrase (C31), enolase (C130, C138), and fructose bisphosphate aldolase (C82). Carbohydrate metabolism is further represented in the cortex by fructose bisphosphatase (C69), pyruvate carboxylase (C210), ketohexokinase (C42), and succinyl-CoA:3-ketoacid-CoA transferase 1 (C162).
The process of amino acid metabolism was prevalent with several related functions represented as follows: methylmalonate-semialdehyde dehydrogenase (C153, C156, C157), glutamate dehydrogenase (C158, C154) and Δ-1-pyroline-5-carboxylate dehydrogenase (C180) for oxidoreductase activity; ornithine aminotransferase (C122) and gycine amidinotransferase (C129) for transferase activity; glutamine synthetase (C127) and argininosuccinate synthase (C117) function as ligases; lastly, aspartoacylase 2 (C62) has hydrolase activity. Additional protein metabolism enzymes identified were acetyl-CoA acetyltransferase (C93, C99) and protein disulfide isomerase (C164, C170).
Proteins associated with fatty acid metabolism are also abundant in the cortex. These include succinyl-CoA:3 ketoacid-CaA transferase 1 and enoyl-CoA hydratase (C162) already mentioned above, which have roles in both carbohydrate and fat metabolism. Acyl-CoA dehydrogenase (C105, C107, C108) participates in fatty acid metabolism and electron transport, a process also represented by dihydrolipoyl dehydrogenase (C175) and electron transfer flavoprotein (C22). Oxidoreductase functioning outside basic metabolic processes was represented by peroxiredoxin 5 (C20), categorized as being involved in antioxidation and free radical removal. The remaining identifications are less easily grouped with the others; calbindin (C12) is involved in signal transduction, NDRG-1 (C119) is involved in cell proliferation and differentiation, and ATP synthase is unclassified for function or process by PANTHER.
Functional significance of renal papillary proteins altered during diuresis and antidiuresis
The identified proteins listed in Table 3 and 4 were compared to the whole mouse proteome using the PANTHER software to determine if a Expression is described as the ratio of that in the papilla to that in the cortex.
particular biological processes or molecular functions were altered by osmolality changes in the renal papilla. The list of identifications upregulated by antidiuresis was combined with the identified proteins down-regulated by diuresis to generate a list of proteins whose increased expression is associated with increased urine osmolality ( Table 6 ). Proteins associated with immunity and defense processes that are significantly overrepresented in this list include peroxiredoxin 2 and 6, Hsp70 (spot P4), Hsp beta-1 (proteins P41 and P43), abhydrolase domain-containing protein 14B (spots P9 and P105), fibrinogen (spot P101), and translationally-controlled tumor protein (spot P96). Antioxidant and free radical removal processing and peroxidase functioning was also over-represented in this list (peroxiredoxin 2 and 6, proteins P37 and P22). Additionally, glycolysis was an over-represented process due to the papillary regulation of α-enolase (spot P36) and L-lactate dehydrogenase (spot 40). Interestingly, α-enolase was also identified in two spots down-regulated during antidiuresis (spots P49 and P53). The presence of α-enolase in multiple positions within the gels implies post-translational modification as a mechanism for alteration of this protein.
Proteins that change during antidiuresis reveal significant upregulation of chaperone functioning when compared against the whole mouse proteome. These proteins include T-complex protein 1 (spot P47), Hsp beta-1 and Hsp70 (Table 6 ). These three proteins are also associated with the process of protein folding, which is also significantly affected by antidiuresis in the papilla. This list also reveals a significant over-representation of oxidoreductase functioning associated with the identification of L-lactate dehydrogenase, peroxiredoxin 2 and 6, acylCoA dehydrogenase (spot P60) and aldose reductase (spot P63). While not statistically significant (p = 0.0564) the list of identifications that change during diuresis contains four proteins that are related to the a Expression is described as the ratio of that in the cortex to that in the papilla.
cytoskeleton: actin (spot 69), tubulin (spots P62 and P88), α-actininin 4 (spots P76 and P17) and translationally-controlled tumor protein (spot P96). Two of these identifications, actin (spots P69 and P19) and α-actininin 4 (spots P17 and P76) are also up-regulated during antidiuresis. Similarly, peroxiredoxin 2 (spots P37 and P82) is up-regulated during both antidiuresis and diuresis. In contrast, abhydrolase domaincontaining protein 14B is up-regulated during antidiuresis (spot P9) and down-regulated during diuresis (spot P105). Cadherin-16 (spot 3, cell adhesion-mediated signaling), EH domain-containing protein (spot P5, membrane trafficking), and glyceraldehyde-3-phosphate dehydrogenase (spot P38) are all upregulated during antidiuresis but not associated with an overrepresented function or process. Guanine nucleotide-binding protein (spot P55) is down-regulated during antidiuresis and associated with signal transduction but this process is not over-represented.
Aside from the cytoskeletal proteins mentioned earlier the proteins up-regulated during diuresis are not easily grouped into a common process or function. These proteins include acidic leucinerich nuclear phosphoprotein (spot P75), Rho GDP-dissociation inhibitor 1 (spot P77), antithrombin-III (spot P61), are all spectrin (spot P64), α B-crystallin, dihydropyrimidinase-related protein 2 (spot P74), fumarate hydratase (spot P79), major urinary protein 2 (spot P93), serotransferrin (spots P107, P108, and P109), and40S ribosomal protein (spot P104). 
Discussion
The complexity of the renal cortex proteome is higher than that of the renal papilla
The fusion of proteome maps from renal cortex and papilla produced 1877 proteins, indicating substantial functional complexity within the tissue while also offering support for the resolving power of two-dimensional gels [10] . Examining the proteins whose expression difference was greater than 2-fold (p b 0.05) between regions revealed more than twice as many (212) proteins overrepresented in the cortex compared to the papilla (80). This seems likely due in part to the overall greater complexity observed in the proteome map of cortex compared with papilla ( Fig. 1A and B) . The greater cell type heterogeneity of the cortex could explain the higher complexity observed at the proteome level. The papilla is composed of fewer tissue and cell types reflected by lesser complexity of its proteome.
Stress response and cytoskeletal stabilizer proteins characterize the renal papilla
A significant portion of the identified proteins that are overrepresented in the papilla have chaperone function associated with protein folding (Table 5) . Heat shock proteins (HSPs) are an abundant, highly conserved group of molecular chaperones. The observed overrepresentation of Hsp90, Endoplasmin (GRP94), and transitional endoplasmic reticulum (TER) ATPase in the papilla suggests a greater prominence of the protein folding machinery [11] , regulation of mineralocorticoid receptor and aldosterone signaling [12] , and / or regulation of the transcription factor TonEBP [13] . Together the identification of TER ATPase and ARF1 suggests that Golgi apparatus functioning contributes to the osmotolerant phenotype, potentially through trafficking and removal of damaged proteins [14] . Removal of protein damage as an important process in the papilla is further substantiated by the over-representation of two isoforms (mu1 and mu2) of glutathione S-transferase (GST). Another protein over- represented in the papilla, which has also been associated with aldosterone mediated sodium reabsorption in the collecting duct is 14-3-3 epsilon. 14-3-3 epsilon stabilizes apical sodium channels in the epithelium of the collecting duct by preventing them from being degraded [15] . In neurons 14-3-3 has also been observed to interact with a signaling complex responsible for cytoskeletal rearrangement [16] .
Along with chaperone and cytoskeletal stabilizing functions two small HSPs were identified as over-represented in the renal papilla in our study: Hsp beta-1 (also known as murine Hsp25 and human Hsp27) and αB crystallin (23 kDa). These data support the view that hypertonicity causes functional interaction of small molecular chaperones and cytoskleletal proteins leading to structural stabilization [17] [18] [19] . In rats expression of αB crystallin has also been observed to follow the corticopapillary osmotic gradient with higher expression in areas of increased hypertonicity and to increase in hypertonically stressed cultured cells [20] . Further support for cytoskeletal stabilizing processes being major targets for counteracting cytoskeletal strain during hypertonic stress comes from studies in which increased osmotic pressure altered the interaction between tropomyosin and actin [21] , changed tropmyosin isoform expression [22] , and . increased medullary expression of tropomyosin following vasopressin treatment [23] .
Osmotic stress increases the level of actin in a variety of cells [24, 25] . In renal epithelium the mechanism for the increase in actin is related to the inhibition of cofilin, which cleaves actin chains [26] . Inhibition of cofilin also transiently inhibits apoptosis and is, at least in part, a result of phosphorylation by Rho [26] . Through its effect on actin, Rho inhibits the insertion of aquaporin 2 (AQP2) in the apical membrane of collecting duct cells [27] . Furthermore, over-representation of Rho GDP-dissociation inhibitor 2 in the papilla supports the potential importance of this signaling pathway in the papilla. GDPdissociation inhibitors (GDIs) inactivate Rho since, as a GTPase, it must bind and hydrolyze GTP to remain active. When binding to GDP is prolonged the protein is inactive, thus, the inhibition of cofilin by Rho would be prevented by an active GDI [28] . Rho involvement in AQP2 insertion and actin rearrangement, while also contributing to the inhibition of apoptosis [27, 29] illustrates the elegance of the adaptation of these cells to their environment since signaling that corrects a problem simultaneously allows time for the correction. Besides Rho-mediated signaling, over-representation of calmodulin in the papilla suggests that calcium-regulated signaling also targets the cytoskeleton by promoting formation of actin stress fibers [30] . In addition, calmodulin regulates taurine transporters that are responsible for the uptake of taurine, a compatible osmolyte [31] . Another protein that is over-represented in the papilla and contributes to organic osmolyte accumulation is aldose reductase [32] [33] [34] . In our analysis aldose reductase was identified in four proteins overrepresented in papilla. Three proteins varied predominantly in isoelectric point while the forth represented a shift in molecular weight (see Fig. 2 .1C, P26, P28, P29, and P32). The presence of a protein in multiple spots suggests potential PTMs. The addition/ removal of a phosphate group, which is highly negatively charged but has a small delta mass is a PTM in agreement with the observed data.
Proteins functioning in oxidative metabolism are increased in renal cortex compared to papilla
The vast majority of identified proteins over-represented in the renal cortex, when compared to the papilla, are associated with oxidative metabolism (Table 3) . The significantly over-represented functions of dehydrogenation and oxidoreduction refer to the electron transfer associated with many metabolic enzymes. The process of carbohydrate metabolism was most prominent but a wide array of other processes were also over-represented, including amino acid metabolism, the citric acid cycle, fatty acid metabolism and electron transport. Energy demands in the cortex are high due to the presence of the proximal tubule which is responsible for the majority of reabsorptive active transport. Over-representation of enzymes associated with aerobic metabolism, including those that participate in the citric acid cycle (aconitate hydratase, malate dehydrogenase and isocitrate dehydrogenase), are further expected in the cortex given the increased availability of oxygen in the cortex due to increased blood flow when compared with the papilla.
Stabilization of cell integrity by papillary proteins that are upregulated during antidiuresis
Several proteins identified as up-regulated during antidiuresis support our observation that hyperosmolality in the renal papilla requires stabilization of the cytoskeleton and protein folding (see above). These include cadherin-16, α-actinin-4, EH domain-containing protein 4 (EHD4), GAPDH, actin, and HSP70. Cadherin-16 is specifically expressed in the kidney and, unlike most other members of the cadherin family, it cannot bind catenin. Therefore it does not participate in the adherens junction, a classic cell-cell connection. Rather, cadherin-16 has been observed to interact with αB crystallin and to colocalize with actin (which we also found to be up-regulated during antidiuresis) in the renal collecting duct [35] . In the renal papilla actin and α-actinin-4 were found to be associated with a protein complex thought to be involved in AQP2 trafficking [36] . These water channels are trafficked to, and inserted in, the membrane during antidiuresis to facilitate the generation of concentrated urine via water reabsorption from the ultrafiltrate. Thus, the up-regulation of α-actinin-4 promotes water reabsorption in the CD. Trafficking of AQP2 could be promoted by EHD4 as this protein has been implicated in the trafficking of early endosomes [37, 38] and endocytosis regulates the distribution of AQP2 and the epithelial sodium channel (ENaC), both of which are critical for urine concentration [39] .
Additional proteins that are up-regulated during antidiuresis include abhydrolase domain-containing protein 14B, which is a transcription factor known as CCG1 (cell cycle arrest in G 1 )-interacting factor B (CIB), α-enolase, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), lactate dehydrogenase (LDH), and peroxiredoxins 2 and 6. Both peroxiredoxins and GAPDH are antioxidant proteins involved in cell protection against oxidative damage [40] [41] [42] . Importantly, the generation of ROS may lead to more than just oxidative damage as GAPDH and peroxiredoxins have been implicated in cell signaling following hyperosmotic stress [43] . Following oxidative stress in a variety of cell types GAPDH increases in expression and translocates to the nucleus leading to apoptosis [41] . Furthermore, in the nucleus GAPDH and LDH (which is also upregulated during antidiuresis) participate in the OCA-S (octamerbinding factor 1 co-activator in S-phase) transcription co-activator complex [42] . The OCA-S links the NAD + /NADH redox state to cell cycle progression by utilizing GAPDH as a redox sensor and the enzymatic activity of LDH to reduce histone (H2B) expression when NAD + levels are low, as would occur following DNA damage, thereby leading to activation of the cell-cycle checkpoint [42] . In culture, stressed cells showed colocalization of GAPDH and stress fibers [44] and GAPDH is also involved in endocytosis and DNA repair in a manner that appears to be dependent on cellular localization [45] .
Proteins that are up-regulated during diuresis confer structural stability
Many identifications of proteins up-regulated during diuresis follow the theme of alteration to cell structural components. Two proteins were identified as tubulin, the globular protein that makes up microtubules and represents an essential component of the cytoskeleton involved in both cell structure and vesicular transport. Alterations in tubulin support the need for up-regulation of αB crystallin as a molecular chaperone to prevent aggregation, as has been observed in the lens [19] . In addition to two tubulin variants dihydropyrimidinase-related protein 2 is up-regulated during diuresis and because this protein has been linked to microtubule reorganization in axons [46] it further supports the notion that microtubule dynamics is altered during diuresis. The up-regulation of αB crystallin and actin during both diuresis and antidiuresis supports the reorganization of the cytoskeleton necessary following both swelling and shrinking that occur with osmotic stress. Likewise, antidiuresis and diuresis both affect AQP2 trafficking and insertion into the plasma membrane. A role of α-actinin-4 in these processes has been observed [36] , and is supported in this analysis by up-regulation of this protein during diuresis and antidiuresis. Another up-regulated protein during diuresis, spectrin, was identified as a component in what Noda et al. [36] termed the "force generator complex" involved in the trafficking of AQP2. Spectrin associates with the Golgi apparatus as part of the membrane cytoskeleton [47] and its up-regulation could affect AQP2 trafficking during diuresis dieresis in addition to stabilizing the cytoskeleton. Examination of the cytoskeleton in brain cells showed colocalization of actin, tubulin, spectrin, GAPDH and dihydropyrimidinase-related protein 2 [48] . Since all these proteins (with the exception of GAPDH) are major cytoskeletal components and upregulated during diuresis it is likely they stabilize the cytoskeleton via complex formation.
Summary and conclusions
We have shown that renal cortical and papillary proteomes differ significantly and that proteome complexity is greater in the cortex, which corresponds well with greater tissue and cell type heterogeneity. Many proteins over-represented in the papilla compared to cortex have chaperone functions associated with protein folding and/or cytoskeleton dynamics. In contrast, proteins over-represented in cortex are characteristic of oxidative metabolism, which is in agreement with greater metabolic activity and blood supply in cortex. The proteome of the papilla is plastic and altered significantly in response to tonicity changes. In addition to cytoskeletal proteins, metabolic enzymes and molecular chaperones were associated with extracellular osmolality as well as proteins involved in redox balance, transport and transcription. A common theme throughout our analysis of osmotic effects on the renal proteome has been the identification of proteins that function in multiple processes but share a common involvement in the regulation of cytoskeleton and protein stability as well as protein folding and trafficking.
Supplementary data to this article can be found online at doi:10.1016/j.bbapap.2011.01.003.
